Background: The inhibitive effect of the aqueous extract of Coffee senna (CS) on the corrosion of mild steel in 1 M HCl and 0.5 M H 2 SO 4 solutions was investigated by weight loss measurement as well as potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) measurements. Result: The extract was found to efficiently inhibit the corrosion process in both environments and inhibition efficiency increased with extract concentration as well as rise in temperature. Data from electrochemical measurements suggest that the extract functioned by adsorption of the organic matter on the metal/corrodent interface, inhibiting both the anodic and cathodic half reactions of the corrosion process. Adsorption of the extract organic matter was approximated by the Langmuir isotherm. The adsorption behavior of selected organic constituents of the extract on the metal surface was assessed at the molecular level, in the framework of the density functional theory.
Background
Iron and steel are the metallic materials most used in structures exposed to the atmosphere and often, to the aggressive environments in industrial applications due to their availability and low cost [1] . Acidic solutions are extensively used in acid cleaning, pickling, and descaling processes, as well as for drilling operations in oil and gas exploration [2] . Iron and steel surfaces deployed in service in these environments undergo considerable corrosion. Significant reduction in corrosion rates has been achieved by various means including reduction of the metal impurity content, application of several surface modification techniques as well as incorporation of suitable alloying elements. However, the use of corrosion inhibitors is about the most practical and economical methods for corrosion protection and prevention of unexpected metal dissolution in aqueous aggressive media [3] [4] [5] . A good number of the efficient corrosion inhibitors are organic compounds that contain nitrogen, oxygen, sulfur, phosphorus, and multiple bonds or aromatic rings in their structures [6] [7] [8] [9] . The molecular electronic structures and electron densities around these functional groups are the key structural features that determine the effectiveness of inhibition [10] [11] [12] .
The final choice of an appropriate inhibitor for a particular application is, however, constrained by such considerations as cost, environmental and toxicity issues (due to increasing concerns about the environment) as well as the vast variety of possible corrosion systems, which often necessitates the use of combinations of additives to provide the multiple services required for effective corrosion inhibition. Interestingly, extracts from natural products (biomass) contain several phytochemical constituents, including alkaloids, tannins, flavonoids, saponins, amino acids, ascorbic acid, phenolic acids, pigments resins, triterpenoids, which possess electronic structures akin to those of conventional organic corrosion inhibitors as described above. A number of such biomass extracts have actually been investigated for corrosion inhibiting efficacy: The extracts of Azadirachta indica, fenugreek leaves, Zanthoxylum alatum, Opuntia, Nypa fruticans, Ocimum viridis, Phyllanthus amarus, chamomile, halfabar, and black cumin have been studied as corrosion inhibitors in hydrochloric and sulphuric acid media [13] [14] [15] [16] [17] [18] [19] [20] [21] . Zucchi and Omar [22] studied the corrosion inhibition of mild steel in hydrochloric acid solutions using aqueous extracts of papaya, Poinciana pulcherrima, Cassia occidentalis and Datura stramonium seeds. Gunasekaran and co-workers [23, 24] studied the corrosion inhibition of steel by Zanthoxylum alatum extract in HCl as well as in phosphoric acid media. El-Etre studied the corrosion inhibition of copper, aluminum, zinc, and steel using natural honey as well as Opuntia, Lawsonia, and khillah extracts [25] [26] [27] . Oguzie and coworkers investigated the corrosion inhibiting effects of leaf extracts of Telferia occidentalis [28] , Azadirachta indica [29] , and Hibiscus sabdariffa [30] as well as extracts from the seeds of Garcinia kola [31] on mild steel corrosion in acidic solutions. Other than the biomass extracts, pure organic compounds extracted from natural products such as ascorbic acid [32] , succinic acid [33] , tryptamine [34] , caffeine [35] , Pennyroyal oil [36] , amino acids [37] , and caffeic acid [38, 39] have also been evaluated as corrosion inhibitors. The results from these studies all confirm that biomass extracts possess remarkable abilities to inhibit the corrosion reaction.
The study of biomass extracts as metal corrosion inhibitors is beneficial for several reasons: they are inexpensive, readily available, nontoxic, and on the basis of their multi-constituent composition, could provide broad spectrum action (as opposed to the specificity of action of conventional organic inhibitors). These are attractive and desirable features for next generation corrosion inhibitors. Accordingly, the present report continues to focus on the broadening application of biomass extracts for metallic corrosion control and reports on the inhibiting effect of the leaf extract of coffee senna (CS) on the acid corrosion of mild steel. Coffee senna belongs to the family, Fabaceae, and is generally found in tropical and coastal plains of Africa and America. Extensive phytochemical characterization revealed that the plant is rich in anthraquinones, emodin glycosides, achrosine, chrysophanol, aloe-emodine, quercetine, rhamnosides, rhein, and vitexin alkaloids [40] [41] [42] . The plant is used in traditional medicine against throat inflammation, colds, asthma, fever, flu and as anti venom [43] .
Corrosion inhibition efficiency has been experimentally evaluated using gravimetric, electrochemical impedance, and potentiodynamic polarization techniques. We have also analyzed the electronic and adsorption structures of some extract constituents with acquiescent molecular structures, within the framework of the density functional theory (DFT), to theoretically ascertain their possible adsorption modes and evaluate their individual contributions to the observed inhibiting effect.
Methods

Results and discussion
Weight loss measurements
The spontaneous dissolution of mild steel in 1 M HCl and 0.5 M H 2 SO 4 in the presence of CS as corrosion inhibitor was studied by gravimetric measurements. Figure 1 presents the corrosion rate of the mild steel coupons in both acid media without and with different concentrations of CS 303 K. The plots show that the corrosion of the specimen was reduced with increasing extract concentration, i.e. the corrosion resistance was enhanced with increasing extract concentration. The weight loss data was used to calculate inhibition efficiency (IE%) of CS using the following equation:
Where w i and w o are the weight losses in the presence and absence of extract respectively. Figure 2 illustrates the variation of IE% with CS concentration in 1 M HCl and 0.5 M H 2 SO 4 at 303 K. The plots reveal that IE% increased with increase in CS concentration. It is also obvious from the plots that the extract was slightly more effective in HCl solution at all concentrations, which can be explained on the basis of a cooperative adsorption mechanism involving chloride ions adsorbed on the metal surface [21, 44] . This observation is justified by the fact that some of the extract species will be protonated in the acid solutions, and adsorption of such protonated species will be facilitated by the adsorbed chloride ions [45] [46] [47] [48] [49] [50] . In order to clarify the nature of adsorption, the gravimetric data in 1 M HCl and 0.5 M H 2 SO 4 at 303 K were fitted to a series of adsorption isotherms including Frumkin, Langmuir, and Temkin isotherms and the best fit was obtained with the Langmuir isotherm:
The corresponding linear plots of C/θ vs. C are presented in Figure 3 for CS adsorption from both 1 M HCl and 0.5 M H 2 SO 4 (with slopes of 1.15 and 1.17 respectively), suggesting that the experimental data follows the Langmuir isotherm. The nonzero intercepts on the y axes and slopes 6 ¼ 1.0 mean that some of the adsorbed species interact with each other and that the adsorption heat changes with increasing surface coverage.
Electrochemical impedance spectroscopy measurements
In order to obtain information about the kinetics of interfacial mass transfer processes for mild steel corrosion in the presence of the extract, impedance measurements were undertaken in 1 M HCl and 0.5 M H 2 SO 4 solutions without and with 50 mg L −1 and 1,000 mg L −1 CS. The recorded electrochemical impedance spectroscopy spectra in inhibited and uninhibited solutions are presented in the Nyquist and Bode phase angle formats in Figures 4 and 5 for 1 M HCl and 0.5 M H 2 SO 4 solutions, respectively. The Nyquist plots all show one depressed capacitive loop, corresponding to only one maximum in the phase angle versus frequency; hence, a single time constant for the impedance response [51] . The transfer function can be represented by a solution resistance R s , shorted by a capacitor (C) that is placed in parallel to the charge transfer resistance R ct [20] : The observed depression of the capacitive loop, however, indicates frequency dispersion of interfacial impedance. This anomalous phenomenon is attributed to the nonhomogeneity of the electrode surface arising from the surface roughness or interfacial phenomena [4, 52] . When such non-ideal frequency response is present, the capacitor is replaced by a constant phase element (CPE), with impedance Z CPE as follows [19, 20] :
Q and n stand for the CPE constant and exponent respectively; j = (−1) 1/2 is an imaginary number, ω is the angular frequency in radians s −1 , (ω = 2πf ) where f is the frequency in hertz. The double layer capacitance was calculated using the following equation:
where f max is the frequency at which the imaginary component of impedance is maximum. The impedance spectra for the Nyquist plots were appropriately analyzed by fitting into the equivalent circuit model R s (Q dl R ct ) ( Figure 6 ). The corresponding electrochemical parameters given in Table 1 reveal that the charge transfer resistance values increased and the capacitance values decreased in the presence of CS extract. The increase in R ct values including the corresponding increase in the magnitude of the phase angle peaks is attributed to the corrosion inhibiting effect of the extract. The decrease in C dl values, which normally results from a decrease in the dielectric constant and/or an increase in the double-layer thickness, can be attributed to the adsorption of the extract organic matter onto the metal/electrolyte interface. These observations mean that the CS extract functioned as an adsorption-type inhibitor in both 1 M HCl and 0.5 M H 2 SO 4 .
The percentage inhibition efficiency (IE R %) was calculated from the impedance data using the equation:
where R ct,inh and R ct,bl are charge transfer resistances in the presence and absence of CS extract. The obtained values presented in Table 1 follow the same trend with those obtained from weight loss measurements.
Potentiodynamic polarization measurements
Potentiodynamic polarization plots illustrating the effect of CS extract on the anodic and cathodic processes for mild steel corrosion in 1 M HCl and 0.5 M H 2 SO 4 are shown in Figure 7a ,b. The corresponding polarization parameters are presented in Table 2 . A comparison of the potentiodynamic plots illustrate clearly that CS functioned by different mechanisms in the two acid media. Accordingly, CS functioned via a mixed inhibition mechanism in 1 M HCl, reducing the anodic and cathodic currents, with a slight shift of E corr in the anodic direction. In 0.5 M H 2 SO 4 on the other hand, a considerable 
Figure 6
The electrochemical equivalent circuit used to fit the impedance spectra: Rs, solution resistance; R ct , charge transfer resistance, CPE, constant phase element.
displacement of E corr in the cathodic direction is observed and the cathodic reaction is significantly inhibited, which means that CS performed essentially as a cathodic inhibitor. As noted earlier [21, 44] , the ability of Cl −1 ions in the hydrochloric acid to be strongly adsorbed on the metal surface and hence, facilitate physical adsorption of inhibitor cations, is an important consideration towards the difference in mechanism of inhibition.
The values of the corrosion current density in the absence (i corr,bl ) and presence of inhibitor (i corr,inh ) were used to estimate the inhibition efficiency from polarization data (IE i %) as follows:
(i corr,bl ) and (i corr,inh ) are the corrosion current densities in the absence and presence of CS extract. The displayed data show that the addition of CS extract decreased the corrosion current density in both acid media. Also, it can be clearly seen that the inhibition efficiency increased with CS concentration, in agreement with the trends of the gravimetric and impedance data.
Effect of temperature
In order to understudy the temperature dependence of corrosion rates in uninhibited and inhibited solutions, gravimetric measurement were carried out in the temperature range 303-333 K in the absence and presence of 50 mg L −1 and 1,000 mg L −1 CS. The calculated values of the corrosion rates and inhibition efficiencies within the studied temperature range are shown in Table 3 . Generally, the corrosion rates of mild steel in acidic solutions increase with the rise in temperature. This is due to a decrease in the overpotential of the hydrogen evolution reaction, resulting in higher dissolution rates of metals. The higher rate of hydrogen gas generation also increasingly agitates the metal corrodent/interface and depending on the nature of the metal-inhibitor interactions, could as well hinder inhibitor adsorption or perturb already adsorbed inhibitor. On the other hand, for inhibitor species that react with the metal surface, increasing the temperature of the system could augment the interaction between the metal surface and the inhibitor leading to higher surface coverage. Inspection of the data in Table 3 shows that the corrosion rate of the mild steel specimen in all systems increased with temperature as expected. This effect is however notably subdued in inhibited solution, which means that CS extract maintains its inhibiting effect at higher temperature. Improved inhibitor adsorption at higher temperatures reflected by the trend of increasing inhibition efficiency with rise in temperature is an indication that some of the extract components become well adsorbed (chemisorbed) at higher temperature and so contribute more to the overall inhibiting effect.
The dependence of corrosion rate on temperature can be expressed by the Arrhenius equation [53, 54] :
where E a is the apparent effective activation energy, R the general gas constant and A the Arrhenius preexponential factor. A plot of the logarithm of the corrosion rate, (C R ) vs. 1/T gave a straight line as shown in Figure 8 , 4 . This means that the extract is more effective at higher temperature [55] [56] [57] [58] and confirms our previous assumption that chemisorption of some constituents of the extract becomes more pronounced at higher temperatures. This is because unchanged or lowered activation energies in inhibited solutions may be interpreted as being indicative of chemisorption, while the opposite is the case with physical adsorption [59, 60] .
Quantum chemical calculations
Our experimental results indicate that CS extract functions as an adsorption-type corrosion inhibitor. The complex processes associated with metal-inhibitor interactions can be theoretically investigated at the molecular level using computer simulations of suitable models in the framework of the density functional theory (DFT).
Recently, we have extended the application of DFT techniques to the assessment of the adsorption behavior of selected constituents of biomass extracts, especially those with molecular structures similar to conventional corrosion inhibitors [61] . Such quantum chemical computations are not necessarily intended to provide a detailed description of the adsorption of the extract. Instead, the idea is to recognize the relative contributions of the different extract components through their individual adsorption strengths and mechanisms. The main constituents of CS extract chosen for the computations include anthraquinone (ATQ), emodine (EMD), chrysophanol (CRP), aloe-emodine (ALE), and rhein (RH). The molecules are all derivatives of anthraquinone, and hence have the same molecular backbone.
The first consideration was to assess the electronic structures of the molecules, including the distribution of frontier molecular orbitals and Fukui indices, with a view to establish the active sites as well as local reactivity of the molecules. The simulations were performed by means of the DFT electronic structure program DMol3 available in Material Studio 4.0 (Accelrys Inc., San Diego, CA, USA) [62] [63] [64] [65] Electronic parameters for the simulation include restricted spin polarization using the DND basis set and the Perdew-Wang local-correlationdensity functional. The molecular structures were initially subjected to geometry optimization using the COMPASS force field (Accelrys Inc., San Diego, CA, USA). Figure 9 illustrates the highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), as well as the total electron density of ATQ, EMD, CRP, ALE, and RH; while the corresponding quantum chemical parameters are presented in Table 4 . Interestingly, the HOMO-LUMO locations are actually almost identical for all the molecules, which could lead to some similarities in their adsorption characteristics.
The region of highest electron density, HOMO, are the sites at which electrophiles attack and represents the active sites with the utmost ability to bond to the metal surface, whereas the LUMO orbital can accept electrons from the 3d orbital of the Fe atom to form feedback bonds. The HOMO energy (E HOMO ) expresses the intrinsic electron donating tendency to an appropriate acceptor i.e., any molecule with lower HOMO energy and empty molecular orbital; while the energy of LUMO (E LUMO ) is directly related to the electron affinity and characterizes the susceptibility of the molecule toward attack by nucleophiles [66] [67] [68] . Low values of the gap (ΔE = E LUMO -HOMO ), will render good inhibition efficiencies since the energy to remove an electron from the last occupied orbital will be minimized.
The E HOMO and E LUMO values do not vary very significantly for all the molecules, probably because the functional groups that comprise their HOMO and LUMO locations are comparable. The ΔE values again do not vary so much which means that any observed differences in their adsorption strengths would result from molecular size parameters rather than electronic structure parameters. The seemingly low values of ΔE (approximately 2 eV) suggest that interaction of the molecules with the metal surface would likely involve electron transfer processes.
Molecular dynamics simulation
The adsorption of the different molecules on the metal surface was analyzed at a molecular level by molecular dynamics simulations, using Forcite quench molecular dynamics to sample many different low energy configurations and identify the low energy minima [69, 70] . Among the different steps involved in the modeling approach was the construction of the iron surface from the pure crystal. The surface consists of Fe slab with dimensions (10 × 12 × 3 Å) with periodic boundary conditions devoid of any arbitrary effects. The Fe slab was first cleaved along the (110) plane with the uppermost and lowest layers fixed. The molecules were adsorbed on one side of the slab. Temperature was fixed at 303 K, with fixed number-volume-energy (microcanonical) ensemble, with a time step of 1 fs and simulation time 5 ps. The system was quenched every 250 steps. Optimized structures of ATQ, EMD, CRP, ALE, and RH were used for the simulation. We have neglected solvent and charge effects in all our simulations and performed the calculations at the metal/vacuum interface. Although this is clearly an oversimplification of the actual situation, it is adequate to qualitatively illustrate the differences in the adsorption behavior of the molecules and provide sufficient insight for our study objectives. Figure 10 shows representative snapshots of the crosssection of the lowest energy adsorption configurations for the single molecules on the Fe (110) surface from our simulations. The molecules can be seen to maintain a flat-lying adsorption orientation on the Fe surface, in order to maximize contact and enhance the degree of surface coverage. This parallel adsorption orientation also facilitates interaction of π − electrons of the anthraquinone nucleus and the hetero-atoms with the metal surface. The binding energy (E bind ) between the iron surface and the inhibitor molecules was calculated as follows [69, 70] :
E mol , E Fe and E total correspond respectively to the total energies of the molecule, Fe (110) slab and the adsorbed Mol/Fe (110) couple, where a negative value of E Bind corresponds to a stable adsorption structure. The obtained values are given in Table 4 . In each case the potential energies were calculated by averaging the energies of the five structures of lowest energy. As can be seen from the data, the binding energies are all negative and of considerable magnitude, suggesting stable adsorption structures. Again, the obtained values are of the same order of magnitude, in agreement with the trend of electronic structure properties from the quantum chemical computations. The magnitude of the binding energies is actually in the range of chemisorptive interactions (>100 kcal mol −1 ); this is despite the fact that our simulations did not take into consideration the specific (covalent) interactions between the molecules and the Fe surface, which means that the phytochemical constituents of CS extract are very strongly adsorbed on the mild steel surface. This observation can be related to the remarkable corrosion inhibition efficiency of the extract observed experimentally. Unraveling the basis for this behavior requires a more rigorous assessment of the output from the molecular dynamics simulations. A detailed analysis of the on-top view of the adsorbed molecules on Fe (110), as presented in Figure 11 for RH and CRP, reveals a very clear trend in the adsorption configuration in which polarizable atoms along the molecular backbone appear to align with vacant sites on the face-centered cubic lattice atop the metal surface. In other words, the anthraquinone nucleus seems to avoid contact with the Fe atoms on the surface plane (larger spheres on the Fe slab) and is preferentially accommodated in characteristic epitaxial grooves on the metal surface. Such epitaxial adsorption configuration, which is associated with a minimum free energy of adsorption, has also been reported for some biochemical compounds (amino acids, peptides, etc.) [71, 72] and accounts for the remarkably stable adsorption structures.
Methods
Materials preparation
Corrosion experiments were performed on mild steel specimens with weight percentage composition as follows; C, 0.05; Mn, 0.6; P, 0.36; Si, 0.3; and the balance Fe. The aggressive solutions were 1 M HCl and 0.5 M H 2 SO 4 respectively, prepared from analytical grade reagents. Stock solutions of CS extract were prepared by boiling weighed amounts of dried and ground leaves of CS in 1 M HCl and 0.5 M H 2 SO 4 solutions, respectively, under reflux for 3 h. The resulting solutions were cooled then triple-filtered. The amount of plant material extracted into the solution was quantified by comparing the weight of the dried residue with the initial weight of the dried plant material before extraction. From the respective stock solutions, inhibitor test solutions were prepared in the desired concentration range by diluting with the corresponding aggressive solution.
Gravimetric measurements
Gravimetric experiments were conducted on test coupons of dimension 3 × 3 × 0.14 cm. Before each experiment, the coupons were abraded using emery papers (grades 200-1000) washed with distilled water and dried in acetone and warm air. The coupons were then weighed and suspended in beakers containing the test solutions using glass hooks and rods. Tests were conducted under total immersion conditions in 300 ml of the aerated and unstirred test solutions. The coupons were retrieved after 3 h, immersed in 20% NaOH solution containing 200 g l −1 of zinc dust, scrubbed with bristle brush under running water, dried and reweighed. The weight loss was taken as the difference between the initial and final weights of the coupons. All tests were run in triplicate, and the data showed good reproducibility with standard deviation ranging from 0 to 0.00065. Average values for each experiment were obtained and used in subsequent calculations.
Electrochemical measurements
Metal samples for electrochemical experiments were of dimensions 1.5 × 1.5 cm. These were subsequently sealed with epoxy resin in such a way that only one square surface of area, 1.0 cm 2 , was left uncovered. The exposed surface was degreased in acetone, rinsed with distilled water, and dried in warm air. Electrochemical experiments were conducted in a conventional three-electrode cell using a VERSASTAT 400 Complete DC Voltammetry and Corrosion System, with V3 Studio software (Advance Tech Inc., Andheri East, Mumbai, India). A platinum foil was used as counter electrode and a saturated calomel electrode (SCE) as reference electrode. The latter was connected via Luggin's capillary. Measurements were performed in aerated and unstirred solutions at the end of 1 h of immersion at 303 K. Impedance measurements were made at corrosion potentials (E corr ) over a frequency range of 100 kHz-10 mHz, with a signal amplitude perturbation of 5 mV. Potentiodynamic polarization studies were carried out in the potential range ±350 mV vs. corrosion potential at a scan rate of 0.33mVs −1 . Each test was run in triplicate to verify the reproducibility of the data.
Conclusions
The studied aqueous extract of CS leaves inhibited the corrosion of mild steel in 1 M HCl and 0.5 M H 2 SO 4 . The inhibition efficiency increased with the increase in concentration and with increase in temperature up to 333 K. Impedance results revealed that the extract functioned via adsorption of the organic matter on the metal/ solution interface. The adsorption behavior as approximated by the Langmuir isotherm. Polarization measurements show that the adsorbed extract organic matter inhibited the corrosion process via mixed inhibition mechanism, affecting both the anodic metal dissolution reaction and the cathodic hydrogen evolution reaction. DFT-based quantum chemical computations of parameters associated with the electronic structures of specific components of the extract confirmed their inhibiting potential, which was further corroborated by molecular dynamics modeling of the adsorption of the single molecules on the metal surface.
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